An all-electron full configuration interaction ͑FCI͒ calculation of the adiabatic potential energy curves of some of the lower states of BeH molecule is presented. A moderately large ANO basis set of atomic natural orbitals ͑ANO͒ augmented with Rydberg functions has been used in order to describe the valence and Rydberg states and their interactions. The Rydberg set of ANOs has been placed on the Be at all bond distances. So, the basis set can be described as 4s3p2d1f / 3s2p1d͑Be/ H͒ +4s4p2d͑Be͒. The dipole moments of several states and transition dipole strengths from the ground state are also reported as a function of the R Be-H distance. The position and the number of states involved in several avoided crossings present in this system have been discussed. Spectroscopic parameters have been calculated from a number of the vibrational states that result from the adiabatic curves except for some states in which this would be completely nonsense, as it is the case for the very distorted curves of the 3s and 3p 
An all-electron full configuration interaction ͑FCI͒ calculation of the adiabatic potential energy curves of some of the lower states of BeH molecule is presented. A moderately large ANO basis set of atomic natural orbitals ͑ANO͒ augmented with Rydberg functions has been used in order to describe the valence and Rydberg states and their interactions. The Rydberg set of ANOs has been placed on the Be at all bond distances. So, the basis set can be described as 4s3p2d1f / 3s2p1d͑Be/ H͒ +4s4p2d͑Be͒. The dipole moments of several states and transition dipole strengths from the ground state are also reported as a function of the R Be-H distance. The position and the number of states involved in several avoided crossings present in this system have been discussed. Spectroscopic parameters have been calculated from a number of the vibrational states that result from the adiabatic curves except for some states in which this would be completely nonsense, as it is the case for the very distorted curves of the 3s and 3p 2 ⌺ + states or the double-well potential of the 4p 2 ⌸ state. The so-called "D complex" at 54 050 cm −1 ͑185.0 nm͒ is resolved into the three 3d substates ͑ 2 ⌺ + , 2 ⌸ , 2 ⌬͒. A diexcited valence state is calculated as the lowest state of 2 ⌺ − symmetry and its spectroscopic parameters are reported, as well as those of the 2 2 ⌬ ͑4d͒ state The adiabatic curve of the 4 2 ⌺ + state shows a swallow well at large distances ͑around 4.1 Å͒ as a result of an avoided crossing with the 3 2 ⌺ + state. The probability that some vibrational levels of this well could be populated is discussed within an approached Landau-Zerner model and is found to be high.
No evidence is found of the E͑4s͒
2 ⌺ + state in the region of the "D complex". Instead, the spectroscopic properties obtained from the ͑4s͒ 6 2 ⌺ + adiabatic curve of the present work seem to agree with those of the experimental 
I. INTRODUCTION
A continued effort is being done to develop and improve theoretical methods of high quality for the calculations of electronic excitation energies [1] [2] [3] [4] and well adapted for calculation in large systems and at geometries far from equilibrium. Most of these methods face the difficulties by means of multireference ͑MR͒ approaches ͓e.g., multireference configuration interaction ͑CI͒ more or less corrected for sizeconsistency error effects [5] [6] [7] [8] [9] [10] [11] or multireference perturbation theory [12] [13] [14] [15] ͔. The extension of the single-reference configurations interaction ͑SR-CI͒ to the MR case is conceptually straightforward. However, because of the rapidly increasing size of the hamiltonian matrices, these approaches are commonly restricted to single and double ͑SD͒ excitations out of the chosen model space ͑MR-SDCI͒. Consequently, the socalled static and nondynamic correlation effects are to some extent taken into account efficiently, but, generally, there is an incomplete consideration of the multitude of higher than double hole-particle substitutions that contribute to the dynamic correlation. Multireference formulations can also be conceived for the approaches based in the coupled-cluster ͑CC͒ formulation.
3, [16] [17] [18] [19] [20] [21] [22] [23] However, the generalization of the SR-CC ansatz to the MR case is not unambiguous, 24, 25 and, also, the resulting formalisms for all genuine MR-CC approaches are computationally very demanding. Moreover, some of the approximate methods yield excellent results in the neighborhood of the equilibrium geometry, but, unfortunately, breaks down entirely when dissociating the molecule into open-shell fragments ͑Ref. 26 and references therein͒. The extension of the approximate methods to general openshell systems offers additional challenges related, in most cases, to the optimal selection of the one-electron basis, and in some cases is demanding, both theoretically and computationally. 24, 25, [27] [28] [29] [30] [31] [32] Full configuration interaction ͑FCI͒ calculations are very appealing because they are free of a number of formal disadvantages that affect approximate methods which truncate the space of excitations. Within the limits imposed by the Born-Oppenheimer ͑BO͒ approximation and the choice of the one-particle functions basis, FCI provides nonrelativistic exact results. Of course, only basis set of comparatively reduced size can be used and only systems with small number of electrons are eligible for a systematic FCI study. However, on the other hand, the results from such a study provide durable benchmarks for approximate methods.
Among the first-row diatomic hydrides, BeH presents some special features that motivate its study. BeH molecule has been less analyzed experimentally than other hydrides, probably because of the toxicity related to the berylliumcontaining compounds. 33 Colin and co-workers [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] have reported experimental data of the complex spectrum of a number of excited states of BeH but the list of experimental spectroscopic parameters appears still as mostly sparse. 46 Recorded detailed data are mainly related to the lowest states ͑X 2 ⌺ + , A 2 ⌸, C 2 ⌺ + ͒, 39, [42] [43] [44] [45] although absorption spectra involving some Rydberg states have also been analyzed in the past. 36, 41 The bond formation of BeH, both in ground state ͑GS͒ and excited states, deserve special interest, as many other compound of Be do, due to the relevance of the promotion from the 2s to the 2p orbital in the formation of the molecule. The Be͑2p͒ orbital contributes to the 2 and 3 molecular orbitals ͑MOs͒. This contribution is greater near the equilibrium geometry and decreases when the bond is stretched. However, at large distances the 2 and 3 MOs change in nature and this fact plays an important role in the dissociation of some states. Several avoided crossings of different nature ͑either valence-Rydberg mixing or ion-pair interaction 47, 48 ͒ become apparent and offer a variety of challenges to approached methods that would try to reproduce the potential energy curves along the whole domain of bond distances. Several works that have dealt with the low-lying states of BeH describe the important mixings in either the 2 ⌸ or the 2 ⌺ + states. 26, 41, [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] BeH offer other properties that make it a good choice for a comprehensive FCI study. Apart from the above mentioned avoided crossings, we can mention its open-shell nature, the possible occurrence of featured potential wells at large R values ͑e.g., the controversial double-well nature related to the so-called G 2 ⌸ state or the properties associated to the existence of a second minimum in the potential curve of the B 2 ⌸ state 52 ͒, the problem of the position of the ͑4s͒ 2 ⌺ + state ͑theoretically predicted 47, 53 as lying at higher energy than the ͑3d͒D state, which does not agree with reported experimental values 36 ͒, not to mention the rather uncommon fact of a single chemical bond dissociating into a neutral closed-shell atom of just four electrons. 48, 53 and the MR-CI calculations by Machado et al. 52 As mentioned above, important nonadiabatic effects are present in this light molecule. 47, 48, 51, 53, [63] [64] [65] A recent work by Bubin and Adamowicz 66 reports nonBorn-Oppenheimer variational calculations on the GS of the BeH system. Works which do not assume the BO approximation are very scarce. However, even if one remains in the BO approximation it is very important to have at disposal accurate adiabatic potential curves. Although some of the quoted works perform "a posteriori" diabatic or quasidiabatic coupling, 47, 48, 53 the need of good quality adiabatic descriptions cannot be ignored. 51 The vibrational properties related to the adiabatic curves have been studied with some detail in the present work. Notwithstanding, the reader must keep in mind that these calculations assume separability between electronic and nuclear movements, but the energies strongly change upon diabatization and the spectroscopic properties should be consistently affected in nonadiabatic studies.
In a recent work 67 some of the authors have performed FCI calculations at the GS equilibrium distance in order to explore a large manifold of excited states of BeH, whose vertical excitation energies, the electric dipole and quadrupole moments and their transition counterparts were calculated. In the present paper the calculation deal with a smaller set of low-lying states of BeH, including the lower Rydberg states, as a function of the Be-H distance. A basis set slightly larger can be used in both the valence and the Rydberg subsets of basis functions.
In Sec. II, the details of the calculation referred to the basis set, the FCI calculation itself, the calculation of the spectroscopic parameters and the preliminary study of the GS are outlined. The adiabatic curves and related results are shown and discussed in Sec. III. They are grouped in subsections concerning the adiabatic curves, the atomic asymptotes, the nature of the adiabatic states and their avoided crossings, and the spectroscopic parameters. Two subsections of Sec. III are devoted to the dipole moments and transition dipole moments from the GS. Another one pays special attention to the long-distance minimum in the 4 2 ⌺ + state. Conclusions are summarized in Sec. IV.
II. DETAILS OF THE CALCULATIONS

A. Basis set description
The basis set used for the calculation of the adiabatic curves in this work is made of atomic natural orbitals, ANOs, as described by Widmark et al. 68 The basis set consists of a valence set augmented with a one-center series of increasingly diffuse ANOs that will be denoted as Rydberg AOs. This basis set can be described as 4s3p2d1f / 3s2p1d͑Be/ H͒ +4s4p2d͑Be͒ because the aug-mentation series of Rydberg AOs is unique and always centered in the Be nucleus. This choice deserves some comments that will be discussed below, in Sec. II E. The Rydberg AOs subset has been generated at a single point ͑R = 1.327 Å͒ that corresponds to the equilibrium distance of the ground state ͑GS͒ as obtained from the valence set. The procedure proposed by Roos et al. 69 has been followed in the way described elsewhere. 67 The universal optimized exponents of Kaufmann et al. 70 are used as a single set of exponents common to all the unsegmented Rydberg ANO functions for each ᐉ value. This type of basis sets has proven reliable for the calculation of vertical excitation energies ͑VEEs͒ in a number of cases that involved Rydberg states. 67, [71] [72] [73] [74] [75] The basis set here described will be denoted as ANO1 + 4s4p2d when necessary. The 4s4p2d Rydberg AOs are reported in Table I . A few calculations of the GS potential have been performed with some other basis sets, 68, [76] [77] [78] [79] as reported in Sec. II E.
B. Programs
The SCF procedure, property-integral calculation, and bielectronic-integral transformations have been performed with the MOLCAS code. 80 The FCI calculations of energy and electrical properties have been performed with the VEGA code. 81, 82 The interested reader can find the most relevant details of the multiroot convergence procedure elsewhere. 67 An interface program is required to convert MOLCAS property-integral files to a format suitable for the VEGA program. [83] [84] [85] [86] [87] [88] Other codes such as Wolfram's MATHEMATICA, 89 Hutson's CDIST, 90, 91 and Le Roy's LEVEL8.0 ͑Ref. 92͒ have been used for auxiliary calculations and data treatment as it is described in Secs. II C, II D, and III D.
C. FCI calculations and computational aspects
All the calculations have been performed in the abelian C 2v group, whose irreducible representations are reported hereafter in the order ͑a 1 , b 1 , b 2 , a 2 ͒. The one-electron molecular basis has been obtained with the self-consistent field, SCF, procedure as it is implemented in the MOLCAS We also tried to converge onto roots of some additional higher-energy states, that are not reported here. This is helpful because the calculations are stopped, at each point, once these higher states attain a convergence in their energy of 10 −7 a.u. In this way, a better convergence ͑normally lower than 10 −9 -10 −10 a.u.͒ is reached for the states of interest. Besides this, the features of the potential curves that could result from interactions with states lying on top of them can be considered as more reliably determined. The duplication of the calculations in some of the degenerate states ͑B 1 and B 2 for ⌸ states or A 1 and A 2 for ⌬ states͒ have provided additional test on the reliability of the calculations and of the symmetry assignments for ⌬ and ⌺ + states. The FCI dipole matrix elements have been computed, into the dipole length approach, by means of a scalar product in the FCI space between the representative vector of each excited state ͉exc͘ and that of either ͉0͘ or ͉exc͘, where represents the desired dipole component operator and ͉0͘ the GS eigenvector. The square of the electronic transition moment gives the transition dipole strength ͑TDS͒, ͉͗exc͉ ͉0͉͘ 2 . The total molecular electric dipole moment values are obtained at each point after adding the nuclear contributions in the point charge model. As the origin is placed on Be, this quantity just amounts to +R a.u. The reliability of the results for low v values was assessed for a few states against the same property values calculated with Le Roy's LEVEL8.0 code. 92 The spectroscopic parameters and molecular constants ͓R e , D e ͑dissociation energy͒, B e , ␣ e , e , e x e , e y e ͔ are reported for each state, instead of just providing the G͑v͒ = G v,J=0 and B v values. The main drawback in doing so comes, most likely, from the sensitivity of the values of these constants to the conditions of each actual calculation. It is not surprising that the number of vibrational terms G͑v͒ used to fit, e.g., the ͑ e , e x e , e y e ͒ set, influences the results in a non-negligible way ͑with differences in e , sometimes, of tens of wave numbers͒, even for well behaved potentials showing Morse-type behavior all along the curve. These effects are extremely large, of course, in the case of intensely perturbed potentials, as it happens in many adiabatic curves of diatomic hydrides, and noteworthy, in BeH. As we aim to provide benchmark reference data and a rather complete set of spectroscopic parameters for the bunch of states described here, the following procedure has been chosen. The G͑v͒ values have been calculated for each adiabatic potential. The B v values have been calculated from ͗1 / R 2 ͘ mean values of the corresponding wave functions. The vibrational e , e x e , and e y e parameters have been then obtained from a least squares fitting of the polynomial in ͑v +1/ 2͒, to the n lev lowest G͑v͒ terms. The B e and ␣ e have been obtained from the corresponding n lev values by fitting the conventional first degree expression B v = B e − ␣ e ͑v +1/ 2͒. On the other hand, a nonlinear fitting procedure has been applied to the points of each adiabatic potential to get an optimal extended rydberg ͑ER͒ function, 96 in the generalized form first proposed by Murrell and Sorbie ͑MS͒. 97 The large number of calculated points allows to fit a high degree polynomial in the MS function that has the form
where
with x = R − R e . The power expansion degree has been taken as n d = 9, a value that provides the potential with great flexibility and that has been suggested for other hydrides. 
E. Preliminary study of the GS
The choice of the basis set is of particular importance in the case of a FCI calculation. For the selected hamiltonian, and as far as the Born-Oppenheimer approximation applies, the main source of error comes from the limitations inherent to the basis set. As we want to deal with a single-center augmentation series of diffuse Rydberg ANOs and to follow in detail several excited states along the dissociation coordinate, the basis set must be large enough, but the dimension of the FCI space must be kept into reasonable limits.
In a previous work, 67 the subset 4s2p1d / 2s1p͑Be/ H͒ +4s4p3d͑Be͒ of the ANO1 + Rydberg basis set described in Sec. II A, was used for the FCI calculation of VEE of a large number of excited states of BeH and the results were found reliable. 67 The present work deals with fewer states and the basis set can be slightly larger, hence, the ANO1 + 4s4p2d previously described in Sec. II A has been used. However, two important points can be raised at this point.
First, the ANO1 + Rydberg basis sets lead to short R e values. Notwithstanding, we decided to go further with this basis set, but a preliminary study comparing to other basis sets has been performed, as shown below.
Second, the 4s4p2d ͑Be͒ Rydberg augmentation has been kept as centered on Be at all internuclear distances. Several choices for centering these Rydberg AO can be envisaged for distances close to equilibrium, e.g., the centroid of charges of the cation, the center of masses, the middle bond point, etc. However, no one of these choices seems practical for large bond distances. It should not seem reliable to place these AO at a different point for each distance and, for some choices, it should be placed somewhere in nobody's land at dissociation limit. We have chosen to keep the Rydberg AOs centered in the Be atom. This is a reasonable choice for all the states under consideration because they dissociate to the ground state of H, and to either the GS or a low excited state of Be. Hence, assuring an appropriate description of excited states at long R values is much more important for Be than for H. An important drawback of this choice comes from the limited representation of the highlying ion-pair dissociation to Be + and H − . Some spectroscopic parameters calculated for the GS from the FCI potential resulting from several basis sets are reported in Table II . These basis sets are respectively described as ANO1 ͑the valence set of the present work͒, ANO2
͓5s4p3d2f / 4s3p2d͑Be/ H͔͒, and ANO3 ͓6s5p3d2f / 5s4p2d͑Be/ H͔͒. The two last are larger valence ANO basis sets, but unfortunately, the corresponding g ANO functions 68 are not available for Be. The segmented Dunning's basis sets denoted as correlation consistent polarized valence triple dzeta ͑cc-pVTZ͒ and correlation consistent polarized core-valence triple dzeta ͑cc-pCVTZ͒ have been also used. 76, 77 The dimensions of the FCI spaces of the A1 symmetry are reported in the last column of Table II. The results in Table II are deceiving for the basis set that we have chosen. No other than the basis set can be blamed in this case for the poor performance. The cc-pVTZ and the ANO1 basis set give the same dimension for the FCI space but the former performs better. On the other hand, the 4s4p2d augmentation of ANO1 leads to significant enlargement of the CI space but to a worsening of the results. However, the data in Table II deserve to be considered thoroughly. The results with the ANO2 valence set ͓5s4p3d2f / 4s3p2d͑Be/ H͔͒, that generates a FCI space of similar dimension than the ANO1 + Rydberg, are worse, and those from largest ANO3 basis, are still worse. On the other hand, the pCVTZ basis sets improves the R e and B e values in respect to the smaller pVTZ but no one of both basis sets are diffuse enough to deal with the Rydberg excited states and the Rydberg-valence mixings in the adiabatic curves. So, faced to the dilemma of using a basis set such as ANO1 +4s4p2d that, on one hand, worsens the GS properties but, on the other, has proven to be reliable for vertical excitations and has been augmented with Rydberg AOs, we have chosen to go further with it. In doing so, we have considered, besides the quality of the VEE, the fact that the FCI adiabatic potentials are always worth as reference benchmarks for approximate methods and that the BeH adiabatic states and their properties ͑e.g., dipole moments͒ are so rich in features along the bond dissociation process that offer many challenges to less exact methods.
III. RESULTS
A. Adiabatic curves
The adiabatic potential energy curves of the six lowest 2 ⌺ + states ͑X 2 ⌺ + GS included͒, and of the two lowest 2 ⌬ states are plotted in With the only exception of the lowest ⌺ + and ⌸ states ͑i.e., GS X 2 ⌺ + and A 2 ⌸͒, the states are labeled according to the order numbering of the adiabatic curves as they appear at each symmetry. This is a convenient choice due to the numerous state-state interactions. Similarly, the atomic labeling, e.g., 3s ,3p ,3d ,..., is used for the molecular states as a simplification, usually referred to the dominant character at R e .
It is apparent from Figs. 1 and 2 that, for most states, the energies beyond R = 5.5 Å correspond, into 10 −4 -10 −5 a.u., to those of the separated atoms in their appropriate states. Two noticeable exceptions are the 4 2 ⌺ + and the 5 2 ⌺ + states. The potential curves in Figs. 1 and 2 are plotted until R = 8 Å but the convergence of each state to the energies of the separated atoms is discussed in the next section. 
B. Atomic asymptotes
The atomic states at the dissociation limits must accord to the Wigner-Witmer rules. 101 The GS must correlate with the closed-shell atom of Be and the H doublet ͓Be͑1s 2 2s 2 ; 1 S͒ +H͑1s ; 2 S͔͒, whereas the next four states 1 P͒, respectively. The corresponding 2 ⌺ + states can also be related to the same dissociation limits, but the nature of these states changes very often along the adiabatic curves due to numerous avoiding crossings. As an example, the state labeled as 3 2 ⌺ + ͑3s͒ converges to the same limit than the 2 2 ⌸͑3p͒ state. FCI calculation on the Be atom ͑i.e., up to quadruples͒ and on H ͑CI of singles͒ with the same basis set ͑4s3p2d1f +4s4p2d for beryllium, 3s2p1d for hydrogen͒ have been done. The excitation energies of the Be atom are compared in Table III with the experimental terms and with the excitation energies obtained at R = 8 Å as well. The mean absolute error for the Be states is 0.012 eV and the largest absolute error amounts to 0.019 eV. These values give us an idea about the performance of the basis set used. The FCI energies of Be are given with all the converged figures in column one of Table III. The FCI roots have size-extensivity and separability properties. Hence, the differences between the excitation values at R = 8 Å and the Be atom inform us about the achievement of asymptotic behavior at this distance. A few additional calculations will serve to get a better estimation of the error in the dissociation limit of the ion-pair Be + -H − , and to know how much this error results from the electron affinity ͑EA͒ calculation of H. The experimental dissociation limit ͑DL͒, as it results from the experimental values of the ionization potential ͑IP͒ of Be ͑9.322 63 eV͒ ͑Ref. 102͒ and the EA of H ͑−0.75419 eV͒, 103 is compared in Table IV 8 .56844 eV but the FCI calculation with the ANO1 +4s4p2d it by 0.02 eV. In order to allow a large and very diffuse basis set for H and its anion, we have used the quadruple augmented cc-pV5Z basis set. 76, 104 A CISD calculation ͑i.e. FCI͒ reduces the error in the EA to +0.0024 ͑see Table IV͒, ten times lower than the error in Beryllium IP. This error is reduced to −0.011 eV if the largest available ANO's valence basis set augmented with the 4s4p2d Rydberg set is used in the FCI of Be/ Be + and the DL is then overestimated by 0.0084 eV ͑see Table IV͒.
C. Analysis of the nature of the states and avoided crossings
The relatively small 2s-2p gap of Be atoms results in the relevance of the ͑2͒ −1 → ͑3͒ +1 ͓HOMO-1 → SOMO͔ excitation for the lower states of BeH and how this relevance changes with R. This point deserves to be analyzed in more detail, and to be set in relation to the large number of avoided crossings that become apparent in Figs. 1 and 2.
1.
2 ⌺ + states
In the case of the GS, the dominant configuration ͑1 2 2 2 3 1 ͒ has a weight ͑square coefficient͒ for the most part higher than 0.90 that reaches its maximum value of 0.931 near the equilibrium distance ͑R = 1.32 Å͒. The weight of this configuration and that of the ͑2͒ −1 → ͑3͒ +1 excitation ͑1 2 2 1 3 2 occupation͒ are plotted as a function of the distance, for the GS, in the inset of Fig. 3 . The weight of the main configuration dips between 2.0 and 4.5 Å reaching a minimum value of 0.740 at ϳ3.0 Å due to the raising of some multiconfigurational character as the weight of the ͓HOMO-1 → SOMO͔ excitation reaches its maximum value close to 0.095 at ϳ3.0 Å.
This behavior is relevant in the context of some discussions raised in the past concerning the occurrence of a maximum in the GS potential. Several authors have argued the existence of a potential barrier 37 of at most 200 cm −1 that should arise from an avoided crossing with the C 2 ⌺ + va- 
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BeH adiabatic states J. Chem. Phys. 129, 054310 ͑2008͒ lence state ͑the 2 2 ⌺ + state in Fig. 1 , whose nature is discussed below͒. The present calculation shows no maximum through the curve of the GS ͑Fig. 1͒, but the analysis of the FCI wave function places the offset of the ͑2͒ −1 → ͑3͒ +1 contribution in the proximity of 2.3 Å, which, furthermore, is a value close to the equilibrium distance of the C 2 ⌺ + state. Cooper discussed several years ago 50 how the selection of the basis set and the inclusion of the core-valence correlation can modify the shape of the GS potential curve. The present FCI calculations should cover all these aspects, namely, basis set large enough and core-valence correlation.
As concerns the wave function composition, the situation for the 2 ⌺ + excited states is more involved than that of the GS. At the GS equilibrium distance, the 2 -6 2 ⌺ + states can be classified as the valence C 2 ⌺ + state and the ͑3s, 3p, 3d, and 4s͒ 2 ⌺ + Rydberg states, respectively ͑see Fig. 1͒ . However, things become unclear as R changes. Even if one considers only distances larger than the GS R e , a number of avoided crossings are easily apparent in Fig. 1 . An avoided crossing between the 2 and 3 2 ⌺ + states occurs at a distance shortly larger than R e ; additional calculations from 1.2 to 1.4 Å with steps of 0.02 Å have helped to place this avoided crossing at 1.36 Å. At about 1.8-1.9 Å, the 4 and 5 2 ⌺ + states perturb one another while the nonbonding potential of the 1 4 ⌺ + state crosses just there. Another avoided crossing is apparent between the 5 and 6 2 ⌺ + states at medium-range distances ͑ϳ2.4-2.5 Å͒. The states 3 and 4 2 ⌺ + interact at medium-and large-range region ͑distances larger than 2.7 Å͒. In this last case, the gap in the perturbation area is rather large and the avoided crossing leads to a broad minimum in the 4 2 ⌺ + state at around 4.169 Å that will be the subject of particular attention in Sec. III F.
The analysis of the FCI wave functions along the adiabatic curves reveals the changes in their nature and the complexity associated to these avoided crossings. At very short distances ͑0.7-1 Å͒, the states 2, 3, and 4
2 ⌺ + can be described as due to s, p, and
It is worthwhile to follow the weight of the ͑2͒ −1 → ͑3͒ +1 excitation in the 2 ⌺ + states at distances larger than 1 Å, ͑see Fig. 3͒ . In the range from 1 to 1.4 Å, the weight of this configuration jumps from one state to another several times, so revealing the occurrence of several avoided crossings in the shorter-than-R e region. It dominates the seventh 2 ⌺ + state at 1 Å, the 5 2 ⌺ + at 1.1 Å, the 4 2 ⌺ + at 1.2 Å, and the 3 2 ⌺ + state at 1.3 Å. From 1.4 to ϳ 3 Å, it becomes the leading contribution for the C-2 2 ⌺ + state that has its equilibrium distance in this region ͑2.30 Å, to be compared with 1.32 Å for the GS͒. The same excitation dominates again the 3 2 ⌺ + curve from ϳ3.2 to 4.4 Å and the 4 2 ⌺ + curve from ϳ4.5 to 7 Å, where it takes its leading role in the 5 2 ⌺ + and so on. A full understanding of these descriptions requires being aware of the changes in the nature of the 2 and 3 MOs as R changes. In absence of a symmetry center, the convergence, at long distances, of the one-particle step ͑ROHF͒ favors a localized description of the and * MOs. At short distances, let us say up to 3 Å, both MOs can be described as resulting from the bonding and nonbonding ͑2s Be -2p Be ͒ hybrid+ ͑1s H ͒. However, as R approaches dissociation, the bonding orbital 2 becomes a pure 2s orbital on Be and the nonbonding 3 becomes the 1s H orbital. Hence, one can say that the ͑2͒ −1 → ͑3͒ +1 excitation is describing a charge-transfer ion-pair situation ͑Be + H − ͒ at distances larger than 3 Å, because one electron is being promoted from the ͑mainly 2s Be ͒ 2 MO to the ͑mainly 1s H ͒ 3 MO. Figures 1 and 3 Fig. 1 . There is no evidence in our results that the ion pair is present in this region, and the calculated dipole moments that are discussed below, in Sec. III E, are close to zero for these states in this interval of distances.
2.
2 ⌸
The lowest 2 ⌸ state corresponds to the well studied A 2 ⌸ state. 26, 39, 49, [52] [53] [54] [105] [106] [107] [108] Its wave function reveals its mixed valence-Rydberg character due to the single excitation from the 3 MO to a virtual MO that mixes Rydberg p functions with valence functions centered in the Be atom. The valence character is dominant for this state, anyway. At large distances, the electron promotion comes from the 2 MO, which is mainly composed there by the 2s Be AO, allowing the state to dissociate into Be͑1s 2 2s2p ; 3 P͒ +H͑1s ; 2 S͒. The 2 2 ⌸ state is involved, at R values of 1.7-1.8 Å, in a strong interaction with at least two other states, which results into an important perturbation in the adiabatic curve that does not leads to the occurrence of a second minimum in the curve, anyway ͑see Fig. 2͒ . The double minimum shown by the adiabatic curve of the 4 2 ⌸ state is relevant in this context. The potential of the 5 2 ⌸ state ͑the highest ⌸ state calculated͒ also appears as slightly distorted around 1.4-1.5 Å and shows another avoided crossing at ϳ3.3 Å, probably associated to the interaction with a higher excited 2 ⌸ state. This case is similar to that described above for the 6 2 ⌺ + state. The analysis of the wave functions for the 2 ⌸ states is consistent with the complex interaction among them. Some additional points calculated in the region from 1.2 to 2.0 Å help us to locate the first avoided crossing between the 4 and 5 2 ⌸ states at 1.42 Å, the second avoided crossing ͑that seems to involve the 2, 3, and 4 2 ⌸ states͒ in the region of 1.68-1.78 Å, and the abrupt change in the shape of the potential energy curve of the 2 2 ⌸ state at ϳ1.72 Å. At shorterthan-GS R e distances ͑1.32 Å͒, the states are led by excitations from the 3 MO to Rydberg virtuals which are p in the case of the 2 and 4 2 ⌸ states and d in the case of the 3 and 5 2 ⌸ states. In the 1.4-1.5 Å range, the 4 and 5 2 ⌸ states interchange their p and d dominant character, quite in the region where the 4 2 ⌸ state presents the double minimum and the 5 2 ⌸ state shows a distinct distortion. Above 1.5 Å and up to a medium-range region ͑ϳ3.3 Å͒ the 5 2 ⌸ state keeps the d Rydberg dominant character, and requires excitations from both the 2 and 3 MOs. In general, the wave functions of the 2 -4 2 ⌸ states mix excitations from the 2 and 3 MOs to MOs of p and d characters as the bond is stretched. Notwithstanding, the more relevant change in the nature of the wave function occurs in the 3 2 ⌸ state that has a great mixing between the p and d Rydberg contributions above 1.8 Å, while in the 2 and 4 2 ⌸ states the contribution of the d Rydberg character is smaller. However, at first glance, the adiabatic curves of the 2 and 4 2 ⌸ states are those that appear as more perturbed in Fig. 2 .
These complex interactions among the 2 ⌸ states have been described by Machado et al. 52 It seems clear that the first avoided crossing ͑at 1.4 Å͒ involves only the 4 and 5 2 ⌸ states. These authors 52 attribute the second avoided crossing ͑at 1.7 Å͒ to an interaction between the 3 and 4 2 ⌸ states leading to the second minimum of the latter. The influence of the 2 2 ⌸ state in this second minimum cannot be excluded because of the small gap energy among the three states; the smallest gaps in the 1.7-1.8 Å interval are found at 1.74 Å with the following values: ⌬E͑2 2 ⌸-3 2 ⌸͒ = 0.005 111 a.u.
͑0.139 eV͒ and ⌬E͑2
2 ⌸-4 2 ⌸͒ = 0.009 148 a.u. ͑0.249 eV͒. The 5 2 ⌸ curve is also somehow affected. The extent of the participation of the different states in this multistate avoided crossing can be best appreciated from the properties associated to the wave functions, and the dipole moments are of great help for this; the discussion is reported in Sec. III E below. The location of the avoided crossings and the two minima of the adiabatic 4 2 ⌸ curve are in good concordance with those reported by Machado et al. 52 Also, in agreement with these authors, we find that the 2 2 ⌸ potential does not hold a second minimum.
3.
2 ⌬, 2 ⌺
−
The lowest ͑3d ,4d͒ 2 ⌬ states ͑see Fig. 1͒ are not perturbed by the other calculated states. Both 2 ⌬ states maintain their d Rydberg character through the whole potential energy curve. These higher-energy states are easily get in the calculation under the A 2 symmetry of the abelian C 2v group but the limited size of the Rydberg basis functions ͑4s4p2d͒ prevent us from obtaining additional Rydberg 
D. Spectroscopic Parameters
Most of the spectroscopic knowledge of BeH is due to the work by Colin and co-workers. [34] [35] [36] [37] 40, 41 In contrast to the detailed knowledge available for the ground and two low states, the experimental data, compiled for other states in common data bases, 46 ,110 is limited indeed. We intend to learn more about the excited states but having in mind that all the calculated data here reported have been obtained from adiabatic curves.
Some states have been reported experimentally and have received specific labels according with the conventional notation. In this section, we follow the notation of Colin and De Greef. 36 The two valence states labeled as C 2 ⌺ + and A 2 ⌸ have been extensively studied 26, 28, 39, 45, 49, 50, 52, 54, [105] [106] [107] and their respective emission bands were reported several years ago. 37, [111] [112] [113] [114] The experimental parameters of the C 2 ⌺ + state correspond to those calculated for the 2 2 ⌺ + state because all the avoided crossings in which the C 2 ⌺ + state is involved occur in the repulsive branch and above the dissociation limit of the state, so that the bound vibrational-rotational levels are not perturbed and the spectroscopical study, at the approached level of the present work, is not complicated by other electronic states.
The spectroscopic parameters for most of the calculated states are reported in Tables V and VI. Data for some states are lacking because providing spectroscopic parameters from the adiabatic potentials should be completely non-sense in these cases. As the most relevant example, the adiabatic curve for the 3 2 ⌺ + ͑3s͒ state shows a sharp and distorted minimum that is merely due to the occurrence, just there, of the avoided crossing with the adiabatic 2 2 ⌺ + curve. There is no chance that vibrational levels above this crossing be populated for a time larger than a single vibration and predissociation must be expected along the C 2 ⌺ + potential. This is in agreement with the absence of absorption spectra for the 3s and 3p 2 ⌺ + states, commonly associated to the predissociative interaction with this valence state. 36, 37, 47 The equilibrium distance ͑R e ͒ and dissociation energy ͑D e ͒ reported in Tables V and VI for this 
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The R e , D e and ͑B e , ␣ e ͒ conventional vibration-rotation coupling parameters are collected in Table V , including those for the two 2 ⌬ and the 1 2 ⌺ − states. The values have been obtained independently in the two ways described in Sec. II D; namely, from the MS fit on one hand and from the G͑v͒ levels on the other. The number of vibrational ͑v͒ levels used in each case is indicated in the last column of Table V. In order to get a common standard for comparisons, we have selected the first six values, i.e., from B 0 to B 5 , except for those states where a serious perturbation in the sequence of vibrational gaps was evident. This was the case for the D-5 2 ⌺ + ͑3d͒, D-3 2 ⌸͑3d͒, and 2 2 ⌬͑4d͒ states, where five levels have been used, and for the B-2 2 ⌸͑3p͒ state where only three vibrational levels can be considered as relatively unperturbed before the abrupt distortion in the adiabatic curve at 1.7-1.8 Å is reached by the vibrational levels.
The values obtained from the MS fit are extremely sensible to small variations of the whole potential as the fit spans all the range of distances. Hence, when significant discrepancies occur between the two sets of R e , B e , and ␣ e values, they can be attributed, in principle, to the difficulties faced by the fitting procedure in order to deal with the perturbed potentials at medium or large-range distances. Notwithstanding, some disagreements occur in curves that do not seem to be perturbed, such as the C-2 2 ⌺ + state. Two completely inconsistent values of ␣ e are found, even if the calculated points at R ഛ 1.4 Å are removed from the MS fit. Less surprising are the discrepancies in the ͑B e , ␣ e ͒ values for the B-2 2 ⌸͑3p͒ and D-5 2 ⌺ + ͑3d͒ states, because the fitting of these featured potentials to the MS function was specially difficult.
The experimental values, available for a few states only, have been included in Table V as a reference. In a number of cases, calculated values from other theoretical works have been included with the same purpose. The actual G͑v , J =0͒ levels obtained by solving the one-dimensional Schrödinger equation, as well as the absolute FCI values of the potential energy curves of all the discussed states, are provided in the EPAPS file 115 for convenience of the interested reader. Consistent with the underestimation of R e for the GS, the basis set leads to an overestimation of the dissociation energy. The D e value ͑2.245 eV͒, can be compared either with The electronic terms ͑T e ͒, zero point energies ͓G͑0͔͒, 00 values, and other vibrational parameters are reported in Table  VI . The n lev column indicates the number of values of G͑v͒ used in the fitting calculation of the vibrational parameter set ͑ e , e x e , e y e ͒. Some idea about the reliability of these fitted parameters can be get against the G͑0͒ values that are given in column seven. The arbitrary value of n lev = 6 has been used when the mean error in the G͑v͒ residuals could be kept in a range of a few units of cm −1 ͑preferably 1-2 cm −1 ͒. When this was not possible, fewer levels were used, as indicated. In these cases, the disagreement between the MS parameters and the fitted ones is larger.
In those cases where either T e or 00 values can be clearly compared with experiment, the present calculations are in small error, showing that for the purpose of vertical calculations the basis set works well. Some relevant discrepancies are present, but they deserve special attention. Let us note that the states associated to the 3d Rydberg orbital have been normally treated as a 3d complex, giving a group of ᐉ substates D͑ 2 ⌺ + , 2 ⌸ , and 2 ⌬͒ that form together what has been called the ᐉ = 2 Rydberg molecular complex. 41 The socalled "D complex" at 54 000 cm −1 can be effectively resolved in three Rydberg ͑3d͒ states that are distinctively characterized as 5 2 ⌺ + , 3 2 ⌸, and 1 2 ⌬. The 00 = T e + G 0 Ј − G 0 Љ values for the D states show errors lesser than 100 cm −1 relative to the experimental values and appear in the same order than the T e values.
However, the characterization of some experimentally reported states is unclear and does not agree with the theoretical adiabatic curves. One of these cases is that of the 4s and 4p Rydberg states of ⌺ + symmetry that are commonly labeled as E and F 2 ⌺ + , respectively. 36 Given the small errors found for the lower states, the results for the 6 2 ⌺ + ͑4s͒ and 7
2 ⌺ + ͑4p͒ states should be disappointing if they were to be assigned to the experimental E and F states. We have then attempted to assign these states by assuming that there is not 53 Then, for the 7 2 ⌺ + ͑4p͒ state, with 00 = 58 026.01 cm −1 , we have not found experimental counterpart to assign it. It must be noted that Clerbaux and Colin recognized in a subsequent study that their assumption of an E 2 ⌺ + state that should lie in near coincidence with the 3 2 ⌸͑3d͒ state could be erroneous. 41 Finally, the adiabatic states 6 2 ⌺ + and 7 2 ⌺ + exhibit similar calculated properties, as a consequence of their potentials having a similar shape but appearing as displaced one from the other by ϳ2400 cm −1 ͑0.3 eV͒. Another controversial case is related to the characterization of an experimental state reported long time ago by Colin and De Greef as G 2 ⌸. 36 These authors assigned large equilibrium distance of R e = 1.925 Å and spectroscopic parameters of e = 405.3 cm −1 , e x e = 22.7 cm −1 and ␣ e = −0.556 cm −1 ; however, computational evidence for such a minimum has never been found in the low 2 ⌸ states. Moreover, the occurrence of a double well in the 4 2 ⌸ state, with minima at 1.28 and 1.66 Å, does not seem to be compatible with the R e value of Colin and De Greef. 36 Colin and co-workers 36, 37, 41 have assumed that the B and G 2 ⌸ should arise from an avoided crossing between two 2 ⌸ states; however, the high level calculations reveal a more complex interaction involving more than two 2 ⌸ states, as it was discussed in Sec. III C ͑cf. Sec. III E below͒. This multistate interaction agrees with previous theoretical studies. 47, 52 The T e value assigned to the G 2 ⌸ state could agree with the calculated adiabatic excitation energies of the 4 2 ⌸͑4p͒ state shown in Table VI , but, on the basis of the few spectroscopic parameters available, the observed transition assigned to G 2 ⌸-X 2 ⌺ + does not refer to the theoretical 4 2 ⌸͑4p͒ state. This problem has been repeatedly pointed out by other authors, such as Henriet and Verhaegen, 47 Petsalakis et al., 53 and Machado et al. 52 The experimental data associated to the B 2 ⌸ and G 2 ⌸ states should need reinterpretation, as already discussed by Machado et al., 52 and as our calculations should confirm: the transition assigned to the G 2 ⌸-X 2 ⌺ + band system could be more likely interpreted as coming from the high-lying vibrational levels of the 2 2 ⌸͑3p͒ state, and the transition associated to the so-called 36 BЈ 2 ⌸-X 2 ⌺ + as coming from the vЈ Ͼ 3 vibrational levels of the same 2 2 ⌸͑3p͒ state. Four vibrational levels can be calculated for this state ͑vЈ =0-3͒ in the FCI adiabatic potential of this work before attaining the strong avoided crossing suffered at about 1.7 Å. Note, however, that this interpretation of the G 2 ⌸ and BЈ 2 ⌸ states would require that vibrational levels at energies higher than the avoided crossing can be reached without leading to immediate predissociation.
Machado et al. 52 pointed out the important effect of the basis set in order to obtain a correct description for the highlying 2 ⌸ states. These authors reported the two minima for the 4 2 ⌸ state at 1.314 and 1.670 Å ͑see Table V͒ . We find a barrier between these minima at 565 cm −1 from the deepest minimum and it is located at ϳ1.42 Å, while Machado et al. 52 reported a barrier of 645 cm −1 and located it at 1.459 Å. Both the CDIST and LEVEL8.0 programs can calculate the vibrational levels for this adiabatic double-well 4 2 ⌸ potential but these levels should be unlikely reachable to measurement as the avoided crossing should predissociate the molecule along the 2 2 ⌸͑3p͒ curve. Spectroscopic data for the 4 2 ⌸ curve are not reported because these levels do not behave as slightly anarmonic series of vibrational levels.
E. Dipole moments
The calculated dipole moments ͑DMs͒ as a function of the internuclear distance along the adiabatic curves are shown in Figs. 4 Fig. 4 . Those of the excited 2 ⌺ + states are shown in Fig. 5 and those of the 2 ⌸ states in Fig. 6 . Grouped in this way, the different behavior of the DM curves for each group is made apparent. This behavior can be associated with either the occurrence or not of sudden changes due to interactions among the states, and to the dissociation to neutral or charged fragments.
Negative values of the electrical dipole correspond to the dipole arrow pointing toward the Be atom. Be is less electronegative than H, and, accordingly, the dipole moment is found negative for the GS, even though the basis set somehow favors the electronic density on the Be atom.
Several points of DM sign inversion and steep dependencies on R can be found for the states of BeH at short ͑and medium͒ distances. These jumps in a given curve imply that for the molecule to follow the adiabatic potential, a strong 
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BeH adiabatic states J. Chem. Phys. 129, 054310 ͑2008͒ change of its electronic structure is required in a short interval of R. Consequently, a breakdown of the BornOppenheimer assumption must be expected at these points or at short intervals of distances around them. Such jumps are found in the DM curves of BeH for many states even at typical bond distances. The states represented in the Fig. 4 The small perturbation at R ϳ 2.5 Å in the DM curve of the 2 2 ⌬ state suggests a small interaction that is also apparent in a thorough look at the energy curve.
In contrast to the states reported before, the very featured behavior of the DM along the 2 ⌺ + and 2 ⌸ adiabatic states ͑Figs. 5 and 6͒ deserves attention. Let us consider two zones in the ⌺ + states for convenience: a short-range region ͑zone A in Fig. 5͒ and a medium-to-large-range region ͑zone B in Fig. 5͒ .
At the distance of the avoided crossing between the states 2 and 3 2 ⌺ + ͑1.36 Å͒, their DM curves change abruptly ͑see zone A of Fig. 5͒ . In this case, both adiabatic states have similar dipole moments before and after the avoided crossing. The interaction between these two states is maximal at this distance, where the adiabatic curves approach the most one the other. Figure 5 helps also to locate the avoided crossing region between the 4 2 ⌺ + and 5 2 ⌺ + states at short distances ͑1.1-1.2 Å͒. A hump in the DM curve of the 6 2 ⌺ + state occurs just in the same range, so revealing that this state is also involved, but in a more limited way, in the coupling. In a similar way, the DM curves indicate that the avoided crossing between the 4 2 ⌺ + and 5 2 ⌺ + states at 1.87 Å could involve the 6 2 ⌺ + state whose DM changes following a decreasing curve that mirrors the ascending one of the 5 2 ⌺ + . Several perturbations seem to affect the 2 ⌺ + states in the neighborhood of 2.2 Å, a region where the DM value is close to zero. These interactions involve also the 6 2 ⌺ + adiabatic state that shows an oscillatory behavior in both the energy and the DM curves in the region immediately above 2.0 Å.
The most relevant feature in zone B is the occurrence of large negative dipole moments as a consequence of the development of the charge-transfer ion pair Be + H − that jumps from one state to the next one as R increases. Fig. 6 , tend to zero at large distances. The coupling between the adiabatic 4 2 ⌸ and 5 2 ⌸ curves is revealed as a sharp feature in the DM curves at 1.4 Å. In this case, the DMs in both states are large and have opposite sign, so that the curves do not cross. The 2 2 ⌸ and 3 2 ⌸ are not involved in this avoided crossing, but things seem to be a bit more complex in the 1.6-1.8 Å region, where the interaction of the 2 2 ⌸ and 3 2 ⌸ states is clear but the 4 2 ⌸ and 5 2 ⌸ states should be also involved, as suggested by the adiabatic curves in Fig. 2 . Finally, the perturbation between the 4 2 ⌸ and 5 2 ⌸ states in the region of 3 -4 Å is reflected also by the DM curves.
A list of the DM values at the GS equilibrium distance for all the studied states is reported in Table VII . They compare well to those obtained in a previous work 67 where they were discussed together with some highest states. Few works have been devoted to the study of the electric moment properties of BeH. In particular, Henriet 116, 117 slow movement along with large gap should favor the probability that the system will remain in the adiabatic surface, even if a change of electronic structure along the adiabatic curve is required. In the present case this change should involve the developing further and back of the ion-pair charge transfer at each vibration. We calculate the first five vibrational levels that could be hold by the adiabatic well of the 4 2 ⌺ + state around the minimum at 4.1 Å at G v = 128.03, 475.55, 824.87, 1173.06, and 1602.67 cm −1 ͑the probability of tunneling through the hump at 2.5 Å has not been considered͒. These are low energy vibrations as expected from the potential flatness. The probability of adiabatic behavior in the simpler Landau-Zener model for the tunneling transition between two diabatic states, ⌿ A and ⌿ B , 116, 117 can be calculated as
where H AB is the off-diagonal interaction term between ⌿ A and ⌿ B , which is supposed to be linearly dependent with time, and ͉‫ץ‬E A / ‫ץ‬R − ‫ץ‬E B / ‫ץ‬R͉ is the absolute value of slopes difference, at the crossing point, of the diabatic ͑i.e., crossing͒ E A and E B curves. Following the procedure of Henriet and Verhaegen, 47 we have approximated H AB by ⌬E / 2, i.e., half of the gap value at the crossing point; dR / dt can be related to the mean kinetic energy, that is taken on average as the vibrational energy for each level, E v . So, in atomic units, one can write
where the reduced mass is = 1652.36 a.u. for BeH and ⌬s stands for the absolute value of the slopes difference. The crossing point for calculating the slopes has been located, according to Fig. 5 , in 4.6 Å, so that ⌬s ϳ 0.014 56 a.u. and ⌬E = 0.016 a.u. With these values, the probabilities of the diabatic jump, P LZ , range from 10 −15 to 6.5ϫ 10 −5 , as one goes from v = 0 to 5. The model predicts that an essentially adiabatic behavior must be expected in this minimum, so that some chance exists that these vibrational states could be populated, at least the lowest ones. The spectroscopic constants calculated from the first three G v values given above are R e = 4.170 Å, e = 277.7 cm −1 , e x e = −21.40 cm −1 , B e = 1.075 cm −1 , and ␣ e = −0.023 cm −1 .
G. Transition dipole strengths
This section is focussed on the dipole allowed transitions from the GS ͑X 2 ⌺ + ͒. It has been suggested that the analysis of the features of the TDSs can be useful for studies of selective excitation pathways and photofragmentation dynamics. 119, 120 The TDS for these transitions reveals several pronounced maxima that are located at different distances depending on the excited state. It matters to note that at distances larger than 3 Å, where the GS potential curve has already attained a plateau ͑see Fig. 1͒ , only a few states ͓e.g., 3
2 ⌺ + and 2 2 ⌸ that dissociate to Be͑ 1 P͒ +H͑ 2 S͔͒ present high TDS values, while for the remaining states the TDS tend to zero. This behavior at the dissociation limit must be related, of course, to the few transitions that are allowed in the closed-shell Be atom. Now, the avoided crossing between the 3 2 ⌺ + and 4 2 ⌺ + states in the 3.0 to 5.0 Å region is clearly apparent in the oscillations of TDS curves of these states. This is the region of the second energy well of 4 2 ⌺ + , whose TDS curve reaches its maximum at about 3.7 Å ͑see Fig. 7͒ 2 ⌺ + states for R = 8 Å, in a region where the ion-pair dominate these states ͑see Fig. 3͒ .
As concerns the TDS to 2 ⌸ states ͑Fig. 8͒, except for the A 2 ⌸ state that presents a quasilineal decreasing tendency, the remaining 2 ⌸ states show a more complex behavior. The 2 2 ⌸ state does show a short zone of steepest change among 1.7-1.8 Å, where its TDS value sharply increases up to the atomic limit. This just occurs in the region where this state suffers an important avoided crossing as explained in Sec. III C.
The double-well nature of the 4 2 ⌸ potential energy curve is also reflected in the behavior of the TDS at this distance range ͑1.3-1.7 Å͒. Together with the 5 2 ⌸ state, the TDS suffers several changes, local maxima and minima, at this range.
As mentioned above, the states that dissociate to Be͑ 1 P͒ +H͑ 2 S͒ have high TDS at large R. Instead, the TDS of the 4 2 ⌸ state that can be described as the ͑4p͒ Rydberg state at short distances falls to zero as R increases. This state dissociate to Be͑ 3 P͒ +H͑ 2 S͒, and it should imply a spin forbidden transition in the closed-shell Be atom.
The R e of the GS is indicated with a dotted vertical line in Figs. 7 2 ⌺ + ͑4s͒ state is found at a higher energy than the D complex and has a very low TDS associated to the transition from the GS, indicating that this should be a very weak transition.
IV. CONCLUSIONS
We present in this work FCI calculations of the adiabatic potential curves of the lower excited states of the BeH molecule with a valence ANO basis set augmented with a onecenter ANO contribution are required to reproduce the shape of the curves of the 2 ⌺ + states. At short distances, valence-Rydberg mixing is involved in the short-extent avoided crossings and, in particular, in that one between the 2 and 3 2 ⌺ + states near 1.4 Å. On other hand, at large distances, the ion-pair nature of the states is involved in the perturbation, and the most notorious case is the long-extent avoided crossing between the 3 2 ⌺ + and 4 2 ⌺ + states at 4 -5 Å. Some spectroscopic parameters have been calculated from the vibrational states that result from the adiabatic curves assuming uncoupled vibration and rotation in all cases. In spite of this assumption, that is rough for some states as, e.g., the D complex, the spectroscopic parameters obtained help to assess the reliability of our calculations and confirm some of previous works on BeH. Notwithstanding, an exhaustive comparison with actual experimental data should require to take into account nonadiabatic coupling in most cases and falls out of the scope of the present work. For some states ͑as for example, the B 2 ⌸ and G 2 ⌸ states͒, these couplings can have important consequences when comparing with the experimental reported results. According to the picture that draws the present FCI adiabatic curves, there is no evidence of a 2 ⌸ state with a R e = 1.925 Å that experimentally has been described as the G 2 ⌸ state. However, the double-well nature of the 4 2 ⌸ potential curve is confirmed by the interaction of the nearby 2 ⌸ states. Concerning the remaining states, the present FCI calculations contribute to explain some details and to confirm previously suggested explanations of other authors. The absence of the 3s and 3p 2 ⌺ + states in the absorption spectrum can surely be due to the predissociative interaction with the C 2 ⌺ + state in terms of the perturbation of the vibration levels.
In this work we have discussed that some vibrational states could be populated in the 4 2 ⌺ + ͑3p͒ state at distances around the minimum located at about 4.169 Å that results from the avoided crossing with the 3 2 ⌺ + ͑3s͒ state. Such vibrational states would occur in the Born-Oppenheimer regime and would imply changes in electronic nature ͑covalent and ion pair͒ along each vibration. A few spectroscopic parameters have been calculated for this minimum. A note of caution is still convenient here to recall that all the parameters shown and discussed in the present study refer to the adiabatic energy potentials.
It is possible to resolve the so-called "D complex" into three different states ͑5 2 ⌺ + , 3 2 ⌸, and 1 2 ⌬͒ whose adiabatic T e values should differ in less than 180 cm −1 . It must also be pointed out the nonexistence of a double minimum in the 2 2 ⌸͑3p͒ state, in spite of the strong multistate avoided crossing occurring at about 1.7-1.9 Å, as confirmed by our FCI calculations, in agreement with the conclusions of Machado et al. for this state 52 and contrarily to the interpretations of Colin and co-workers for the B 2 ⌸ state. 36, 37, 41 On the other hand, the controversy about the assignment of the E and F 2 ⌺ + states is reopened. above the D complex region, and should present a very weak transition.
The analysis of the evolution of the DM and the TDS with the internuclear distance R is of great help to locate the position of the avoided crossings, to show their extent along a short or long interval of R values, and to reveal the number of states implied in them, as well as their strength.
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